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1 Introduction

Studies of the production and decay of heavy-flavour hadrons are an important part of
contemporary particle physics. The spin—% Ag baryon can provide information about the
production of hadrons containing b quarks. For example, the Ag polarisation is closely
related to that of the b quark [1]. Heavy-quark effective theory (HQET) predicts that AY
baryons originating from energetic b quarks retain a large fraction of the transverse b-quark
polarisation [2, 3]. The longitudinal polarisation is expected to vanish in pp collisions due
to parity conservation in strong interactions and the term polarisation is used to refer
to the transverse polarisation of particles in this paper. The authors of ref. [4] estimate
that the b-quark polarisation is of the order of 10%. This leads to an estimate that the
polarisation of the A baryon can be around 10% with possible values up to 20% [1, 5].
Measurements of A polarisation at fixed-target experiments [6-8] find that the polarisation
strongly depends on Feynman-z, xp, with polarisation vanishing at xp = 0. The variable



zp is defined by xp = 2pr,/+/s, where py, is the longitudinal momentum of the baryon
with respect to the beam line and /s is the centre-of-mass energy of the collision. If a
similar xp-dependence is present in Ag—baryon production, a negligible polarisation would
be expected at the LHC since the experiments mostly cover the phase-space region close to
zp = 0. In addition, several heavy b-baryon states are observed experimentally [9-13]. In
the production of Ag baryons from decays of these states, the connection between the Ag
and the b-quark polarisation can be further diluted due to the interaction of the b quark
with the light quarks in the heavy b-baryon [1, 3]. The fraction of the b-quark polarisation
transferred to the A baryon is estimated to be around 75% in ref. [1].

The decay A,?—) J/p A, where the A baryon decays to pr— and the J/i) meson decays
to uTp~, can be used to measure the polarisation of the Ag baryon as well as to test the
theoretical understanding of hadronic decays of Ag baryons.! The angular distribution of
the Ag — JY A decay is described by the polarisation of the Ag baryon, Py, four decay
amplitudes and by the parity-violating asymmetry parameter of the A baryon decay, ap.
The decay parameter ay arises due to the V—A nature of the weak interaction [14]. The
four decay amplitudes, A(Aa, Ajp,) correspond to different A and J/y helicities, Ay and
Ajj- The notation ax = A(:I:%, 0) and by = A($%, +1) is used in this paper.

In the naive heavy-quark and light-diquark limit, the v and d quark in the baryon form
a spin- and isospin-zero spectator system. The left-handed nature of the charged-current
interaction then implies that the A-baryon helicity is —3, such that |a| & [b_| ~ 0. Several
theoretical approaches have been used to predict the Ag parity-violating decay parameter
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which is the analogue of ap but applied to the Ag decay. The value of «y is predicted to
be in the range from —0.2 to —0.1 within a factorisation approximation [15-17], around
—0.2 in the covariant oscillator quark model [18] or light-front quark model [19] and in the
range from —0.17 to —0.14 in approaches based on perturbative QCD [20]. In contrast, a
prediction based on HQET yields a value of a; ~ 0.8 [5]. The covariant quark model has
recently been used to predict ap ~ —0.07 and the magnitudes of the four helicity ampli-
tudes [21, 22]. The amplitudes predicted by this model agree with the naive expectation
that |ay| and |b_| are small, while |a_| and |by| are of similar size.

The polarisation of Ag baryons was previously measured at LEP in Z decays [23-25]
and at the LHC in pp collisions [26, 27]. The values measured at the LHC are

P, =0.06 +0.07 £ 0.02 (LHCb),
P, =0.00 +0.06 £ 0.02 (CMS).

Both measurements were performed using an angular analysis of the Ag — JAp A decay.
The LHCb measurement used data collected at /s = 7TeV, while the CMS measurement
used data from both 7 and 8 TeV pp collisions. A similar analysis was performed by the

The inclusion of charge-conjugate processes is implied throughout this paper except when stated oth-
erwise.



ATLAS collaboration [28] but assuming P, = 0 and measuring only magnitudes of the
decay amplitudes. While all three measurements are compatible, the LHCb and CMS
results are unphysical; the LHCb value of |b_|? and the CMS value of |ay|? are negative.
This is likely to be due to the use of a now outdated value of ap = 0.642 4+ 0.013 from an
earlier Particle Data Group average of the results of refs. [29-33] that is no longer used.
This value is significantly smaller than that measured by the BESIII collaboration using
Jfp — AN decays [34]. In their analysis, the BESIII collaboration determine ay and ay,
for the A— pr~ and A — prt decays, to be ay = 0.750£0.009 £ 0.004 and ag = —0.758 £
0.010 £0.007. The BESIII measurement is supported by a reanalysis of CLAS yp — KA
scattering data in ref. [35], which gives ax = 0.721 + 0.006 £ 0.005. The polarisation of
AY) baryons has also been determined to be P, = (0 & 5)% in the LHCb acceptance using
A — Aptp~ decays, under the assumption that the polarisation is independent of /s [36].

This paper describes a measurement of the Ag — J/ib A angular distribution using data
collected with the LHCb experiment during Run1 and Run2 of the LHC. The data set
corresponds to 1.0, 2.0 and 1.9fb~! of integrated luminosity collected at Vs =17, 8 and
13 TeV in 2011, 2012 and 2015-2016, respectively. A measurement of the polarisation and
the decay amplitudes is made, using the BESIII value of ap as an input. The polarisation
of AY baryons is measured for the first time at /s = 13 TeV.

The paper starts by describing the angular formalism used in the analysis in section 2.
Section 3 introduces the LHCDb detector. Section 4 describes the selection of candidates
from the LHCDb data set. The yields of A) — Ji)A decays in the different data sets
are obtained in section 5. Section 6 describes the procedure used to correct the data
for the nonuniformity of the reconstruction and selection. The production polarisation
and decay amplitudes are obtained through a two-step procedure described in sections 7
and 9. Section 8 discusses sources of systematic uncertainty in the measurement. Finally,
conclusions are presented in section 10.

2 Angular formalism

The kinematics of the Ag — J/p A decay, including the subsequent decays of the J/i
meson and the A baryon, can be parameterised by five decay angles and a unit vector
in the direction transverse to the production plane, n, against which the polarisation is
measured [37]. The unit vector is defined as 7 = (Pheam X ﬁAg) /|Pbeam X ﬁA2|, where ﬁAg
and Pheam are vectors in the direction of the Ag baryon and the beam in the centre-of-mass
frame of the pp collision. In the case of the LHCb detector, ppeam is the direction of the
beam that points into the detector from the collision point. The four-momentum of each
particle is boosted into the centre-of-mass frame to account for the small beam-crossing
angle of the LHC collisions before 7 is calculated. The five decay angles are: the angle,
0, between 7 and the A flight direction in the Ag rest frame; the polar, 6, and azimuthal,
op, angles of the proton in the A rest frame; and the polar, 6;, and azimuthal, ¢;, angles
of the u™ in the Jj) rest frame. The angles 6, 6, and 6, are defined in the range [0, 7],
while ¢; and ¢}, are defined over [—m, 4. A visual depiction of the angular basis is given
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Figure 1. Definition of the five decay angles, 8, 0y, ¢y, 6; and ¢; used to describe the kinematics
of the AY — J/p A decay. The angles are described in the text.

in figure 1. The decay angles for the K(g decay are defined assuming no CP violation in the
Ag or A decay, such that the distributions of Ag and Kg decays are identical.
The angular distribution of the A)— J/) A decay can be expressed as [38]
d°r 3
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where €} = (cos @, cos Oy, dp, cos by, ¢). The angular terms, J;, and the angular functions,
fi, are given in table 1. The Ag polarisation is accessible through terms Jy1—J34.

3 Detector and simulation

The LHCb detector [39, 40] is a single-arm forward spectrometer covering the pseudora-
pidity range 2 < n < 5, designed for the study of particles containing b or ¢ quarks. The
detector includes a high-precision tracking system consisting of a silicon-strip vertex de-
tector surrounding the pp interaction region [41], a large-area silicon-strip detector located
upstream of a dipole magnet with a bending power of about 4 Tm, and three stations of
silicon-strip detectors and straw drift tubes [42, 43] placed downstream of the magnet. The
tracking system provides a measurement of the momentum, p, of charged particles with a
relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV/c. The
minimum distance of a track to a primary pp collision vertex (PV), the impact parameter
(IP), is measured with a resolution of (15+ (29 GeV/c)/pr) pm, where pr is the component
of the momentum transverse to the beam. Muons are identified by a system composed
of alternating layers of iron and multiwire proportional chambers [44]. The online event
selection is performed by a trigger [45], which consists of a hardware stage, based on infor-
mation from the muon system and calorimeters, followed by a software stage, which applies
a full event reconstruction.

Samples of simulated events are required to model the effects of the detector accep-
tance and the imposed selection requirements on the Ag — J/ A angular distribution. In
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Table 1. Angular functions parameterising the AY — J/i A angular distribution. The numbering
scheme is the same as in ref. [37].

the simulation, pp collisions are generated using PYTHIA [46] with a specific LHCD configu-
ration [47]. Decays of unstable particles are described by EVTGEN [48], in which final-state
radiation is generated using PHOTOS [49]. The interaction of the generated particles with
the detector, and its response, are implemented using the GEANT4 toolkit [50, 51] as de-
scribed in ref. [52]. The pr distribution of the simulated AJ baryons is weighted to match
the spectrum observed in ref. [53].



4 Candidate selection

Signal candidates are formed by combining a J/t)-meson candidate with a A-baryon candi-
date. The J/ib candidates are reconstructed from two oppositely charged tracks that have
been identified as muons. The muons are required to have a significant IP with respect to
all PVs in the event and form a common vertex with a good vertex-fit quality. The dimuon
mass is required to be in the range 2900 < m(u*p~) < 3150 MeV/c?. The A candidates are
reconstructed in two categories: A baryons that decay early enough for the proton and pion
to be reconstructed in the vertex detector; and A baryons that decay later, such that they
cannot be reconstructed in the vertex detector. These categories are referred to as long and
downstream, respectively. The A candidates in the long category have a better mass, mo-
mentum and vertex resolution than those in the downstream category. Approximately two
thirds of the candidates are reconstructed in the downstream category. For both categories,
the proton and pion are required to be significantly displaced from all PVs in the event and
form a common vertex with a good vertex-fit quality. The A candidates are also required
to have an invariant mass within 30 MeV/c? of the known A-baryon mass [54], a decay time
larger than 2 ps and a decay vertex at z < 2350 mm. The z-axis is aligned with the LHC
beam line, with positive z in the direction of the LHCb detector acceptance, where z = 0
corresponds approximately to the centre of the pp interaction region. The vertex position
requirement is imposed to remove background from material interactions in front of the
large-area silicon-strip detector. The A,? candidate is associated with the PV relative to
which it has smallest X%P, where X%P is defined as the difference in the vertex-fit x2 of a given
PV reconstructed with and without a considered particle. The A(b) candidate is required
to have a good vertex-fit quality, to be consistent with originating from its associated PV
and to have a vertex position that is significantly displaced from that PV. A kinematic fit
is then performed, constraining the masses of the J/i) and A candidates to their known
values [54] and constraining the AY candidate to originate from its associated PV.

The signal candidates are required to have passed a hardware trigger that selects either
a single muon with a large transverse momentum or a pair of muons with a large product
of their individual transverse momenta. The software trigger requires a candidate to be at
least partially reconstructed with a secondary vertex that has a significant displacement
from any PV. At least one charged particle must have a large pr and be inconsistent with
originating from a PV. A multivariate discriminator [55] is used for the identification of
secondary vertices consistent with the decay of a b hadron.

A neural network [56, 57] is trained to reject background from events where tracks
have been mistakenly combined to form a signal candidate (combinatorial background).
The network is trained using simulated Ag — JAp A decays as a signal sample and candi-
dates from the data with a J/ A invariant mass, m(J/p A), larger than 5900 MeV/c? as
a background sample. The neural network uses the following inputs: the A decay time
and pr; the A mass, decay time and pr; the x? of the fitted Ag decay vertex; the angle
between the Ag momentum direction and the vector connecting the primary and Ag decay
vertices; and the X%P of the final-state hadron and muon with the largest pr with respect
to its associated PV. Separate classifiers are trained for data taken at different collision



2011 2012 2015 2016
Long 1792 +£46 4099+ 74 925+£34 6291+ 88
Downstream 3030£59 7904+£96 172247 12809+ 125

Table 2. Signal yields in the long and downstream categories of the 2011, 2012, 2015 and 2016
data sets.

energies. A single neural network is used for both long and downstream candidates, with
the A category used as an input to the network. The working point of the neural network is
chosen to maximise £55/+/esS + epB. Here, S and B are the number of signal and back-
ground decays within 14 MeV/c? of the known AJ) mass [54] (about twice the resolution on
the invariant mass) before the application of the classifier, eg and ep are the efficiencies of
the classifier requirement evaluated on the signal and background training samples.

The Ag candidates are required to be in the fiducial region, 1 < pr < 20 GeV/c and
2 < n < 5. The mean of the zy distribution of the selected Ag signal decays varies between
0.015 at /s = 13 TeV and 0.028 at 7 TeV. The corresponding standard deviations of these
distributions are 0.008 and 0.014.

Several sources of specific background have been considered. The largest specific back-
ground originates from B®— J/ Kg decays, where one of the pions from the Kg — ataT
decay is reconstructed as a proton. Background from partially reconstructed b-baryon de-
cays such as A) — Jp A(1520), A) — Jp 0 or E, — JAPE decays, where the A(1520),
¥0 and = subsequently decay to a A baryon, give a negligible contribution to the selected
sample.

5 Signal yields

The yield of Ag — J/p A decays in each data set and in each A category is determined by
performing an extended unbinned maximum-likelihood fit to the J/i) A mass distribution.
The signal is parameterised by the sum of two Crystal Ball (CB) functions [58] combined
with a Gaussian function. The two CB functions have a common peak position and width;
one has a power-law tail on the lower side of the peak, the other on the upper side of
the peak. The Gaussian function shares the same peak position as the two CB functions.
The tail parameters and the relative fractions of the three signal components are fixed, for
each data set, from fits to simulated Ag — J/p A decays. The combinatorial background
is described by an exponential function. The background from B°— J/) Kg decays is de-
scribed by a CB function with parameters fixed from simulated decays. Figure 2 shows the
m(J/ip A) distribution and the result of the fits for each of the four data-taking years, with
the two A categories combined. The signal yields in the long and downstream categories
of the 2011, 2012, 2015 and 2016 data are given in table 2.
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Figure 2. Mass distribution of selected A) — J/i) A candidates in (top-left) the 2011, (top-right)
the 2012, (bottom-left) the 2015 and (bottom-right) the 2016 data sets. The long and downstream
categories have been combined. The results of fits to the distributions are overlaid.

6 Angular efficiency

Both the detector acceptance and candidate selection affect the observed angular distri-
bution of the candidates. As described in ref. [59], the largest distortions of the angular
distribution arise from kinematic requirements in the reconstruction and in the trigger.
Corrections for the nonuniformity of the angular efficiency are determined using samples of
simulated Ag — J/ip A decays. The simulated samples are generated with isotropic decays
of the Ag baryon, the A baryon and the J/) meson. The resulting angular distribution
is uniform in each of the five decay angles. After the selection procedure is applied, the
angular distribution of the simulated decays is proportional to the full reconstruction and
selection efficiency. A full five-dimensional description is used to parameterise the angular
distribution. The parameterisation exploits the orthogonality of Legendre polynomials,
Lj(x), and of cosine functions. In its most general form, the distribution and hence the
efficiency can be described by the sum

() = Z Crstuv Ly (cos 0) Ls(cos 0;) Li(cos 0p) Ly (¢ /) cos(vey) . (6.1)

The coefficients c¢,gyy are determined by performing a moment analysis of the simulated
sample.



To describe the efficiency shape accurately, a large number of terms is needed in each
dimension. An absolute normalisation of the efficiency is not needed in this analysis. To
reduce the complexity of the parameterisation, an iterative approach is used, where the ef-
ficiency model is constructed in stages. At the first stage, each dimension is parameterised
independently and the simulated decays are corrected by the inverse of this simplified effi-
ciency model. At the second stage, three-dimensional corrections are determined separately
for (cos @y, ¢;, cos@) and for (cos by, ¢y, cos @), which are subsequently applied to the sim-
ulated decays. Finally, a five-dimensional correction is applied according to eq. (6.1) with
r, 8, t, w and v between zero and two. Since the u* and p~ from the J/i) have almost
identical interactions in the detector, the parameterisation is required to be symmetric in
cos ) and ¢; about zero such that only terms with even values of s and v are used in the
efficiency model. This assumption is validated on simulated Ag — J/p A decays, generated
with a more realistic decay model. A separate efficiency correction is derived for the long
and downstream A categories in each data-taking year.

7 Angular moments

The values of the angular terms normalised to the total rate, M; = J;/(2J1 + J2), can be
determined from the data by a moment analysis,

1 °r o o=

M, = — | —=3:(2)dQ2, 7.1
2J1+J2/ng() (7.1)
Q

through an appropriate choice of the functions gl(ﬁ) [37]. The integral can be estimated

by a sum over the observed candidates, c,

N ~ N
Mi = (Z wcgi(Qc)) / (Z w6> ) (7'2)

where the weights, w,, are used to account for both background contamination and the
non-uniform angular efficiency of the detector acceptance and the candidate selection and
N is the number of observed candidates. The background contamination is subtracted
using the sPlot technique [60] with m(J/i) A) as a discriminating variable.

The analysis procedure is validated on B® — J/p Kg decays, where the Kg meson
subsequently decays to 777 ~. This decay has a similar topology to that of the Ag — JAA
decay but has an angular dependence that is uniform in cosf, cos8, ¢; and ¢, and de-
pends only on sin? @, resulting in M; = % and the remaining moments being zero. The
BY— Jhp Kg candidates are selected in data in an analogous way to the Ag — J/p A candi-
dates. The measured moments for the B — J/ip Kg decay are consistent with expectation
and a x? comparison of the moments with their expected values yields a p-value of 12%.

The values of the moments for the A) — J/ip A decay at the three different centre-of-
mass energies are given in table 3. The results from the long and downstream categories
are compatible and are combined in the table. Systematic uncertainties on the moments
are discussed in section 8. The values of moments Mi; to Msy are consistent with zero,
indicating a small production polarisation. The statistical covariance matrices for the mo-
ments are determined by bootstrapping the data set (cf. ref. [61]) and repeating the analysis

-9 —



7 TeV 8 TeV 13 TeV
My 0.374 £ 0.007 £ 0.003 0.373 £ 0.004 £ 0.002 0.380 £ 0.003 £ 0.001
Mo 0.253 £0.014 + 0.005 0.254 £ 0.008 + 0.003 0.239 £ 0.006 + 0.002
My | —0.286 £0.017 £ 0.008 | —0.268 £ 0.011 £ 0.009 | —0.273 £ 0.008 £ 0.006
Ms | —0.157 £0.025 £ 0.008 | —0.181 £ 0.015 £ 0.007 | —0.179 £ 0.011 £ 0.005
My 0.051 £ 0.029 £ 0.005 0.025 £ 0.018 £ 0.003 0.022 £ 0.013 £ 0.002
Mg | —0.017 £0.029 £ 0.005 | —0.011 £ 0.018 £ 0.003 | —0.027 £ 0.013 £ 0.002
M 0.005 £ 0.014 + 0.004 0.003 £ 0.009 £ 0.004 | —0.005 £ 0.006 £ 0.002
Mz | —0.004 £ 0.018 £ 0.005 0.010 £ 0.011 £ 0.004 0.006 £ 0.008 £ 0.003
My 0.007 £0.025 £ 0.007 | —0.015 £ 0.016 £ 0.007 | —0.009 £ 0.012 £ 0.003
Mis | —0.027 £ 0.032 £ 0.008 0.009 £ 0.021 £ 0.008 | —0.006 &= 0.016 £ 0.005
M7 0.008 £ 0.039 £ 0.006 | —0.002 £ 0.025 £ 0.004 0.011 £ 0.018 £ 0.003
Mg | —0.006 £0.038 +0.004 | —0.015 £ 0.025 + 0.004 | —0.003 £ 0.018 £ 0.002
M1 | —0.015 £ 0.037 £ 0.008 0.007 £ 0.022 £ 0.005 | —0.032 £ 0.016 £ 0.005
Ms3 | —0.001 £0.028 £ 0.007 | —0.022 £ 0.017 + 0.003 0.018 £ 0.012 £ 0.002
Mas | —0.029 £ 0.064 £ 0.010 | —0.001 £ 0.038 £ 0.008 0.044 £ 0.029 £+ 0.006
Mo7 0.059 £ 0.051 £ 0.007 0.014 £ 0.030 £ 0.005 0.038 £ 0.023 £ 0.006
Mszy | —0.000 £ 0.023 £ 0.004 | —0.028 + 0.014 £ 0.005 0.008 £ 0.010 £ 0.003
Mszz | —0.001 £ 0.021 £ 0.005 0.013 £ 0.014 £ 0.004 | —0.022 +0.010 £ 0.003
Mss 0.019 £0.021 £ 0.005 | —0.017 £0.013 £ 0.003 | —0.007 £ 0.009 £ 0.002
M3y 0.017 £ 0.021 £ 0.004 0.033 £ 0.013 = 0.004 0.008 £ 0.009 £+ 0.002

Table 3. Values of the 20 moments, M;, measured in the data collected at 7, 8 and 13 TeV centre-
of-mass energies. The long and downstream categories have been combined. The first and second
uncertainties are statistical and systematic, respectively.

procedure. The correlation matrices for the moments are provided in appendix A. Figure 3
shows the background-subtracted angular projections of the five decay angles for the se-
lected candidates. Good agreement is seen between the data and the result of the moment
analysis. The values of the moments are also found to be in good agreement between Ag
and Kg baryons, indicating that there is no significant difference in the production polari-
sation or decays of the Ag and X(b) baryons. The numerical values of all moments and the

corresponding covariance matrices are available as supplementary material to this article.

8 Systematic uncertainties

Sources of systematic uncertainty are considered if they either impact the fit to the
m(J/ A) distribution, and the subsequent background subtraction, or would directly bias

~10 -
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Figure 3. Angular distributions of cos 8, cos#;, cos@, ¢, and ¢; for the background-subtracted
candidates. The long and downstream categories for the different data-taking years have been
combined. The result of the moment analysis, folded with the angular efficiency, is overlaid. The
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respectively.
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the measured angular distribution. The various sources of systematic uncertainty on this
measurement are discussed below and summarised in table 4.

A systematic uncertainty is assigned to cover the knowledge of the signal lineshape
parameters by repeating the analysis 1000 times, varying the lineshape parameters within
their uncertainties. The resulting systematic uncertainty is given by the standard deviation
of the moments evaluated with the different variations.

The impact of statistical uncertainty on the efficiency model, due to the limited size of
the simulated samples, is determined by bootstrapping the simulated samples 1000 times
and rederiving the efficiency models. For each bootstrap, a new set of efficiency coefficients,
Crstuv, 1S determined and the angular moments are reevaluated. For each moment, the
standard deviation of the distribution of the difference between the new and the nominal
values is assigned as a systematic uncertainty.

To evaluate the impact of the limited number of terms used for the efficiency model, a
new parameterisation is determined that allows for higher-order terms in each dimension.
Pseudoexperiments are then generated from the higher-order model and the values of the
moments determined from each pseudoexperiment using the nominal model. The average
bias on the determined value of the moments and its uncertainty are added in quadrature
and are assigned as a systematic uncertainty.

A systematic uncertainty is assigned to cover the choice of criteria used to match
reconstructed and true particles in the simulation. This uncertainty is evaluated using
pseudoexperiments that are generated from an efficiency model derived with a less strict
set of matching requirements. The moments are then evaluated with the nominal model.
As before, the average bias on the determined value of the moments and its uncertainty
are added in quadrature and are assigned as a systematic uncertainty.

The impact of neglecting the detector’s angular resolution in the analysis is explored
using pseudoexperiments in which the simulated angles are smeared according to the res-
olution. The resolution, determined using simulated decays, is approximately 3 mrad in 6
and 6;, 20 mrad in 6, 10 mrad in ¢; and 45 mrad in ¢. The resolution of the long and down-
stream categories are similar after constraining the masses of the J/i) and A candidates
to their known values. The angular moments are then determined from the pseudoexperi-
ments, neglecting the resolution. The average bias on the determined value of the moments
and its uncertainty are added in quadrature and are assigned as a systematic uncertainty.
The analysis procedure also assumes that the mass and angular variables factorise for both
the signal and the background. No significant correlation is found between the mass and
angular distribution of simulated Ag — J/p A decays. The variables are also found to be
uncorrelated for the combinatorial background. However, a correlation is seen between
the mass and angular distributions of misidentified B — J/) Kg decays. The impact of
neglecting this correlation is tested using pseudoexperiments, with the mass and angular
distributions of the B® — J/) Kg decays taken from a detailed simulation. The values of
the moments are then determined neglecting the correlation and the resulting bias is taken
as a systematic uncertainty. In principle there is also an effect arising from neglecting
the precession of the A-baryon spin in the external magnetic field of the experiment. The
precession is small due to the small size of the integrated field between the production and
decay points of the A baryon.
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The track-reconstruction and muon-identification efficiency of the LHCb detector
are determined from data, in bins of pr and 7, using a tag-and-probe approach with
J/p — ptp~ decays [40]. The resulting corrections to the simulation are small and are
neglected in the analysis. The impact of neglecting these corrections is evaluated using
pseudoexperiments. The pseudoexperiments are generated from an efficiency model that
takes into account the corrections. The moments are then determined using a model that
neglects the corrections and a systematic uncertainty is assigned based on the average bias
on the moments and its uncertainty:.

The trigger efficiency of the hardware trigger is also determined in data, as a func-
tion of the muon pr, using the method described in ref. [45]. The impact of the resulting
corrections to the simulation is again investigated with pseudoexperiments. The pseudo-
experiments are generated taking into account corrections to the trigger efficiency and the
moments are determined neglecting the corrections. The resulting uncertainty is assigned
based on the average bias and its uncertainty.

A systematic uncertainty is assigned to the kinematic weighting of the simulated sam-
ples using pseudoexperiments. The pseudoexperiments are generated using the nominal
model from which moments are determined using an efficiency model that neglects the
kinematic corrections. Again, the average bias and its uncertainty are added in quadrature
and are assigned as the systematic uncertainty.

Finally, a systematic uncertainty is evaluated to cover the uncertainty on the beam
crossing angle at the LHCD interaction point. This is estimated using simulated events in
which the crossing angle is varied. The resulting systematic uncertainty is negligible.

The total systematic uncertainty on each moment is determined by summing the in-
dividual sources of uncertainty in quadrature. The resulting values are given in table 3.
The systematic uncertainty is typically less than half the size of the statistical uncertainty
on a given moment. Correlated systematic uncertainties between different moments are
found to be small as are correlations between the different data sets. Correlations between
systematic uncertainties are therefore neglected when determining the decay amplitudes

and production polarisation.

9 Decay amplitudes and production polarisation

The decay amplitudes and the production polarisation are determined from the moments
using a Bayesian analysis. The marginalisation over unwanted parameters is performed
using Markov Chain Monte Carlo, with the Metropolis-Hastings algorithm employed to
sample points in the parameter space [62, 63]. The likelihood at each point in the parameter
space is given by

2

«
dataset j A

where ﬁj is a vector representing the difference between the measured values of the mo-
ments and the values of the moments at that point in the parameter space and Cj is the
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Source Uncertainty
Mass model 0.003
Simulation sample size 0.006
Polynomial order 0.004
Truth matching criteria 0.007
Angular resolution 0.003
Factorisation of mass and angles 0.003
Tracking and muon-identification efficiency 0.005
Trigger efficiency modelling 0.003
Kinematic weighting 0.006
Beam-crossing angle 0.001

Table 4. Systematic uncertainties on the angular moments. The largest value amongst the moments
is given for each source. The total systematic uncertainty varies from 0.002 to 0.010, depending on
the moment considered. The sources are described in the text.

covariance matrix combining the statistical and systematic uncertainties on the moments.
The last term in the likelihood originates from the external constraints from BESIII on the
value of ay. In this analysis, the recent BESIII result [34] for the A asymmetry parameter
is used. Averaging the BESIII values for A and A decays yields aEES = 0.754 with an
uncertainty o(af¥5) = 0.003. The value of a; and the values of the complex amplitudes
a+ and by are shared between the different data sets but the polarisation is allowed to
differ between different centre-of-mass energies. The Bayesian analysis procedure has been
validated for both small and large values of the polarisation using pseudoexperiments.
The resulting marginal posterior distributions for the amplitudes and polarisation are
shown in figure 4. The magnitude and phase of b are fixed to be |b4| = 1 and arg(b4) = 0.
This amplitude is one of the two amplitudes that are expected to be large. The remaining
amplitudes are measured relative to by. A uniform prior is assumed on their magnitudes
and phases and on Py. The priors use the ranges [—1,+1] for Py, [—m, +7| for the phases,
and the range [0, 20] for the magnitudes of the amplitudes. The values of the amplitudes
and the polarisations are given in table 5. The 95% credibility intervals are provided in
table 6 of the appendix. Figure 5 shows P, as a function of the /s of the data set. The
resulting Ag polarisation at each centre-of-mass energy is found to be consistent with zero.
The Markov chain finds two almost-degenerate solutions, which correspond to a change
in sign of the polarisation accompanied by a change in sign of the decay amplitudes. This
occurs due to the small size of two of the amplitudes. The degeneracy is most visible
in the posterior distribution of P, determined at /s of 13 TeV, leading to an asymmetric
distribution. Due to the small size of polarisation, there is little sensitivity to the phases
of the amplitudes. The magnitudes of the amplitudes a4 and b_ are consistent with zero
at the 95% credibility level, as expected in the heavy-quark limit. The magnitudes of a_
and by are found to be similar in size. Figure 6 shows the posterior distribution of the
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uniform priors. The shaded regions indicate the 68% and 95% credibility intervals.

Observable MPV Interval

lay] 0.129 [ 0.033, 0.163]

la_| 1.021 [ 0.998, 1.041]

Ib_| 0.145 [ 0.060, 0.188]
arg(a4) [rad] —2.523 [—7,—1.131] or [2.117, 7]
arg(a_) [rad]  1.122  [~2.633, —1.759] or [0.101,2.224]
arg(b_) [rad] 1.788 [—7, —2.275] or [0.232, 7]
By (TTeV)  —0.004 [-0.064, 0.051]
P, (8TeV)  0.001 [~0.035, 0.045]
P, (13 TeV) 0.032 [—0.011, 0.065]

a —0.022 [~0.048, 0.005]

Table 5. Estimates for the magnitude and phase of the decay amplitudes and the transverse
production polarisation of the Ag baryons, extracted using the Bayesian analysis. The most probable
value (MPV) and the shortest 68% interval containing the most probable value are given.
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Figure 6. Posterior probability distribution of the parity-violating asymmetry parameter, «p. The
shaded regions indicate the 68% and 95% credibility intervals.

parity-violating asymmetry parameter, oy, from the Bayesian analysis. The most probable
value of ap is —0.022. The 68% credibility interval around the most probable value is
[—0.048,0.005]. This measurement is consistent with, but more precise than, previous
measurements of a; by the ATLAS, CMS and LHCb collaborations [26-28].

The posterior distribution of ay with the constraint on oy removed, assuming a uni-
form prior in the range [—1,+1], is shown in figure 7. The most probable value of ay is
0.74. The 68% credibility interval spans [0.71,0.78]. The data strongly favour the larger
ap value reported by the BESIII collaboration [34] over the values from older secondary
scattering measurements [29-33], which are excluded with high significance. Small values
of ap are excluded by the large pr~ forward-backward asymmetry observed in the cos 6
distribution. Larger values of ap can be accommodated by changing the magnitudes of the
decay amplitudes to reduce the asymmetry.
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Figure 7. Posterior probability distribution for a, assuming a uniform prior, with all external
constraints removed. The shaded regions indicate the 68% and 95% credibility intervals.

10 Summary

This paper presents a measurement of the decay amplitudes parameterising the Ag — JAA
angular distribution, and a measurement of the transverse production polarisation of the
Ag baryons at /s of 7, 8 and 13TeV, using data collected with the LHCb experiment.
The measurements are performed in a fiducial region of Ag transverse momentum and
pseudorapidity of 1 < pp < 20GeV/c and 2 < n < 5, respectively. The magnitudes of two
of the four decay amplitudes are found to be small. One of these amplitudes corresponds
to A helicity of —i—% and J/i helicity of 0 and the other to A helicity of —% and J/
helicity of —1. This is consistent with the expectation from the heavy-quark limit and the
left-handed nature of the weak interaction. The parity-violating parameter «y is found to
be consistent with zero, with a 68% credibility interval from —0.048 to 0.005. The small
negative value of oy favoured by the data is consistent with most theoretical predictions
but is inconsistent with the prediction based on HQET in ref. [5]. The A production
polarisation is found to be consistent with zero, with 68% credibility level intervals of
[—0.06, 0.05], [—0.04,0.05] and [—0.01,0.07] at /s of 7, 8 and 13 TeV, respectively. The
results in this paper supersede those of ref. [26] and are largely consistent with the previous
measurements [26-28]. Differences between the results presented in this paper and the
previous measurements can be attributed to the value of ay used in those measurements.
The data strongly support the recent BES III measurement of apy over the previous value
from secondary scattering data. With the old value of «a, it is not possible to describe the
data with a physical set of amplitudes.
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A Correlation matrices

The statistical correlations between the different moments determined at the three differ-
ent centre-of-mass energies are shown in figures 8, 9 and 10. The correlation coefficients
are determined by bootstrapping the data set. The covariance matrices are available as
supplementary material to this article.
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Observable Interval

lay| [ 0.000, 0.200]
la_| [ 0.978, 1.063]
lb_| [ 0.000, 0.208]

arg(a4) [rad] [—m, 0.251] or [ 0.848,7]
arg(a_) [rad] [—m, —1.137] or [—0.459, 7]
arg(b_) [rad] [—m,—0.396] or [ 0.013,7]

P, (TTeV) [—0.119, 0.107]
P, (8 TeV) [—0.071, 0.085]
P, (13TeV) [—0.052, 0.091]
ap [—0.071, 0.031]
an [ 0.700, 0.921]

Table 6. Intervals at 95% credibility level on the amplitudes, the polarisation and «; from the
Bayesian analysis. The interval on ay, with the external constraint removed, is also provided.

B Intervals at 95% credibility level

The 95% credibility level intervals on the decay amplitudes and production polarisation
from the Bayesian analysis of the moments are given in table 6. The 95% intervals on ay
and on ay are also provided. The interval on ay is evaluated after removing the external
constraint on that parameter.
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